TrPthe early period of cellular Infection by adenovirus 2, the E2A region gives rise to 2 major mRNA species of 2.0 and 2.3 Mlobases, formed by alternative excisions of Intron 2 (Gattoni et ai., 1986, J. Moi. Biol. 187, 379-307). We have analysed the excision pathways of this Intron. Two major Intron species of 626 and 337 nucleotides, generated by the use of 2 consensus 3' splicing sites and a minor Intron species of 520 nucleotides, generated by the use of another weaker 3' splicing site, are Identified, the 3 species sharing a common 5 1 splicing site. They are detected predominantly 1n the lariat form. For the 2 major species we analyzed, the branched nucleotides are localized at consensus branching sequences, 26 or 25 nucleotides upstream from the 3 1 terminal AG. Our results confirm that the first reactions of cleavage at the 5 1 end of Introns and branching occur 1n vivo as described 1n In vitro systems. The second predominant form of Intron Z 1s the linear segment, whereas the nicked lariat form which 1s very minor, might not be a genuine product of In vivo splicing. All Intron 2 molecules show practically Intact 5 1 and 3 1 terminal sequences. Indicating that they are well protected against nuclease attack throughout their life. Therefore, these results Indicate that the primary reaction following the excision of the lariat Intron 1s debranching.
INTRODUCTION
The recent development of 1n vitro cell free systems that accurately splice premRNA has allowed significant progress 1n the knowledge of the detailed mechanisms of splicing (1) (2) (3) (4) . It has been shown that the first cleavage reaction occurs at the 5' end of the Intron, which 1s then Joined by a 2'-5' phosphodiester bond to an adenosine residue near the 3 1 end of the Intron. A second cleavage at the 3' end of the Intron releases the free Intron sequence 1n a lariat form which accumulates 1n 1n vitro systems (5-7).
It 1s Important to determine whether Identical mechanisms are Involved 1n In vivo splicing. However, 1t has been very difficult to obtain exhaustive data on the complete set of splicing Intermediates for a given premRNA due to their complexity and low abundance (for review 8, [9] [10] [11] . Moreover, the primary cleavage occurring at the 5' limit of the 1ntron1c sequences separated the premRHA or Ugation Intermediates Into a 5 1 part, extending from the cap to the cleavage site and a 3' part extending from the cleaved 5 1 end of the Intron to the poly A tall, and we have designated these as 5' and 3' cleavage Intermediates, respectively (12) . Recently, 5' and (or) 3' cleavage Intermediates have been characterized 1n vivo Indicating that the first splicing reaction 1s the cleavage at the 5' end of Intron found 1n In vitro systems (13, 14) . However, because such cleavage Intermediates are transitory products, they do not systematically accumulate at a sufficient level to allow easy characterization. This was the case for the splicing Intermediates of the E2A premRNA of adenovirus (12) .
The free Introns, which are one of the final splicing products and which should accumulate 1n the nuclear poly (A)" RNA, have been detected only recently (12, 15, 16) , and the only relatively detailed analysis has been presented by ZeitUn and Efstrat1ad1s (13) . Since free Introns reflect faithfully the earlier splicing reactions, their direct analysis from the poly(A)" RNA population 1n conjunction with a study of the poly(A) + splicing Intermediates will yield complementary data concerning the Intimate splicing mechanisms (12) . In addition, such an approach may be helpful for the understanding of alternative splicing as well as determining whether the excision of a given intron occurs 1n one or several cycles, an excision cycle being defined as the steps of cleavage at the 5' end of Intron and branching reaction, followed by the excision of Intron and Ugation of exons.
The previous analysis of the poly(A) + splicing Intermediates of the adenovirus E2A transcription unit Indicated that these points are particularly relevant to Intron 2 excision (12) . For these reasons, we have carried out an exhaustive characterization of the excised Intron 2 sequences.
MATERIALS AND METHODS
Cell culture, virus Infection and RNA purification HeLa S3 cells were grown 1n suspension culture and Infected with adenovims-2 (100 plaques forming units/cell), as described previously (17) .
Cyclohex1m1de was added at 25 |ig/ml 3 hr post-1 nfection and the cells were harvested at 4-5 hr post infection (12, 18) . In order to follow the RNA during the first steps of preparation and purification, they were labeled during the last 30 m1n with 10 uC1 of [ 3 H] ur1d1ne/ral (10 C1/mmol). RNAs were prepared from Isolated nuclei by the hot phenol/SDS procedure and the contaminating DNA was removed as described by Gattoni et al (12) . The nuclear poly(A)" RNA was purified by repeated passage over a poly(U) sepharose column (17) . The poly (A)" RNA was denatured 1n TES (5 mM Tris HC1 pH 7.4, 2.5 mM EDTA, SDS 0.5%) at 65*C for 5 m1n, then fractionated 1n a 5 to 20% sucrose gradient made 1n TES buffer by centrifugation at 27 000 rpm for 17 hr at 20*C 1n a SW27 rotor.
RNA analysis
For Northern analysis, RNAs were electrophoresed on urea polyacrylamide gel as described by Maxam and Gilbert (19) and then transferred electrophoretically onto Z-b1nd1ng membranes (Schleicher and Schilll) using the electroblotting unit of LKB. The prehybridization and hybridization with labeled DNA probes were as described by Thomas (20) , but both mediuns contained 1% SDS Instead of 0.1%. The probes used were : the nick-translated subcloned Bal IPvuII fragment (positions 3017-2406) containing the entire Intron 2 except for the first 28 bp, the 5' end-labeled Z-PvuII fragment (positions 2704-2406, Z 1s the terminus of a subfragment of the first probe) specific for the 5' half of Intron 2, the 5 1 end-labeled Bal I-PstI fragment (positions 3017-2677) specific for the 3' half of this Intron. A 5' end-labeled cDNA probe complementary to both leaders and to the terminal portion of the 2.0 kb E2A mRNA body (up to the Xhol site, position 3168), as previously described (12) was also used. Isolation of specific Intron 2 RNA species
In order to further characterize each of the RNA components containing Intron 2 sequences detected by Northern blot analysis, they were separated from the 10S-6S gradient fractions on a preparative 5% urea-acrylamide gel, 1n parallel with labeled DNA markers. Gel slices were excised by reference to the marker positions and the RNA was recovered by electroelution from the gel. Using this procedure 1t was necessary to excise relatively broad gel slices and consequently, only components migrating with abnormally low mobility (the lariat forms) were expected to be highly purified. The other discrete components should be Isolated together with the RNA sequences which migrated as a smear 1n the gel (see F1g. 2). Debranching reaction These assays were performed according to Ruskin and Green (21) by using the S100 fraction obtained from HeLa cells (22) . Debranching assays of the RNA were In 20 roM Hepes pH 8.0, 20% glycerol, 100 mM KC1, 0.5 mM DTT and 20% (v/v) of S100 fraction. Incubation was at 30'C for 30 nin. The products were deproteinized (17) (19) . After electrophoresis, the bands were electrophoretically eluted. SI nuclease mapping SI nuclease analysis of RNAs was as described by Weaver and Weissmann (25) . RNA samples and 5' or 3' end-labeled DNA probes (5000 to 10O00 cpm) were hybridized as described by Casey and Davidson (26) . The samples were then treated with 100-150 U of SI nuclease (BRL) at 20*C for 1 hr. The protected fragments were analysed on a 81 polyacryl amide sequencing gel. In order to precisely localise the SI cleavage sites, the 5' end-labeled homologous probes or non coding strands of the 3' end-labeled probes were cleaved 1n Maxara and Gilbert G+A or C+T reactions and co-electrophoresed 1n the gel.
RESULTS
The splicing events which generate the mRNA species of 2.0 and 2. Fig. 2D) . This Indicates that they contain primarily sequences of the 3 1 half of Intron 2.
Non linear RNA molecules display an abnormal mobility which 1s variable in gels of different concentrations of polyacrylamide (5,6). By analysing the 9S and 6S RNA fractions 1n more concentrated gels (6% and 8% acrylamide Instead of 5% as 1n F1g. 2), we found that RNA of bands 1, 2 and 3, as expected, as well as the RNA of band 4 showed higher apparent sizes (not shown). At the same time, the RNA of bands 5 to 8 showed the same apparent sizes, suggesting that they are linear.
Our previous results concerning the analysis of the splicing Intermediates of the E2A premRNA predicted that the excision of Intron 2 would generate at least segments of 626 nt or 337 nt (12) . Therefore, the data of F1g. 2 were consistent with the possibility that the RNAs of bands 1 and 5 are a non linear form (presumably a lariat) and the linear form of the whole Intron 2 of 626 nt, whereas the RNAs of bands 3 and 8 are the lariat and the linear forms of the alternative 337 nt Intron 2, respectively (see also Figure 3 : Northern blot analysis of the Isolated RNA species after heattreatment and debrancHng reactions. isolated KKA species from bands 1 to 7-8 (Bl to B7-8 1n the figure) were submitted to the debranching reaction (De) or heat-treated (He) as described 1n Materials and Methods. Untreated RNA used as control (Co) or treated RNA were electrophoresed on a 5i acrylamide gel, then analysed by probing the RNA transfer blots with the 32 P nick-translated Ball-PvuII probe (see Fig. 2 ). The first lane of each panel (9S or 6S) corresponds to an untreated RNA fraction of 9S or 6S. M : markers from Mspl and TaqI cleaved pBR322.
Into the corresponding linear sequences (13) . In parallel a second aliquot was submitted to a heat-treatment 1n conditions that permitted at most one nick for each RNA molecule (28) and thus transformed a lariat structure Into a nicked lariat form and a nicked lariat structure Into a smaller one. Table 1 ) and their significance will be discussed later. Therefore, the results of fig. 2 and 3 (as summarized In Table 1 ) Indicate clearly that 6 RNA species from the 8 containing Intron 2 sequences represent products of the splicing of Intron 2 and they will be further characterized below. The 2 components of bands 6 and 8, other than containing sequences from the 3 1 part of Intron 2 have none of characteristics expected for the lariat or linear forms of the anticipated 289 nt Intron. By using a cDNA probe containing exonic sequences surrounding Intron 2, Northern analysis of the 6S RNA fraction reveals a series of discrete bands of 600 to 200 nt, the strongest having the same mobility as band 8. Therefore, RNA of bands 6 and 8 are products generated by a non random cleavage of the E2A RNAs presumably non related with splicing events. The fact that they are systematically contaminated by a background of E2A RNA sequences made their further characterization problematic. Localization of the branch points by primer extension analysis The structure of the Intron 2 species has been analyzed by primer extension, particularly so as to determine their branch sites, since such sites have been mapped only 1n a limited number of cases for the 1n vivo splicing Intermediates 1n higher eukaryotes (13, 29) . We have focused our attention on the branch reactions of the major 626 and 337 nt Intron 2, using 2 synthetic primers of 19 and 20 residues, starting precisely from the expected 3' ends of the Introns (see bottom of fig. 4 ). The gel analysis of the extended cDNA sequences from both primers 1s given 1n fig. 4A and B. In the absence of viral specific RNA, none of the 2 primers were extended (lanes a and f). With the 9S RNA fraction (F1g. 4A, lane b) a 25-26 residue segment, generated from a stop after 6-7 nucleotides, as well as a faint band of 630 residues were observed. The shorter cDNA segments were specifically synthesized using as template the purified lariat form (lane c) and the nicked lariat form (lane d) of the 626 nt Intron. Only a 630 residue cDNA was obtained with the 626 nt linear Intron (F1g. 4A, lane e). Consequently, the specific block of the cDNA synthesis after 6-7 residues 1s due to the presence of branching and 1t maps the branch point at an A (marked with an asterisk) 1n the following sequence (lanes a, g, h) , the 626 nt opened lariat (lanes c, j), the 626 nt linear species (lanes b, 1), the 520 nt lariat species (lanes f, k), the 337 nt lariat (lanes d, n) and the 337 nt linear species (lanes e, o) . The size of the protected DNA fragments ( •-) Is Indicated. Lanes designated as G/A and C/T show the 5' end-labeled probe (In A) or the corapleraentary strand of the probe (1n B and C) sequenced by the method of Maxam and Gilbert (1980) . M : Mspl fragments of pBR322 DNA as size markers. the 626 nt opened lariat (lane c) and the 337 nt lariat (lane d) species generated a 222-224 residue triplet with the middle band as the most Intense (F1g. 5A). This could be due to a steric protection of the ONA probe on one or two additional bases at the proximity of the lariat branch point, by comparison with the linear forms. With the 626 nt linear or opened lariat species and with the 337 nt linear or lariat species (lanes b, c, d , e, respectively), entire DNA probe and (or) faint bands of 320-300 residues were also obtained. These signals are likely generated by some degraded E2A products (see methods) already detected 1n the Isolated RNA 1n F1g. 3.
The faint 520 nt lariat species (F1g. 2 band 2), whose precise 5' and 3' terminal sequences were unknown, generated with the same probe exactly the same protected sequence of 222-224 residues (F1g. 5, lane f) as the 626 nt lariat species run 1n parallel (lane g). Consequently, these results show that all of the 6 tested Intron 2 RNA species share the same 5 1 end corresponding to the 5' splice site of Intron 2, and that these 5' termini remain Intact even when they are not blocked by the branched structure.
To map precisely the 3' end of the same RNA species, we used first the 220 residue Ddel-Ball fragment (positions 2806-3017, extended with 8 bases of pHp 34 linker at the Ball site) 3 1 end-labeled at the Ddel site (Fig. 5B) . This probe was also used to determine the 3 1 end of the minor 520 nt species. As shown 1n Fig. 5 , lane k, it was protected as a 91-94 residue doublet, which localized the 3' end of this minor species at 2 Gs designated by asterisks at positions 2896 and 2899 1n the following sequence : 5 1 (C/T^GAClG^AAGVGTfiGT 3'. Therefore, the 520 nt species terminates in the region of a weak consensus-Uke splice sequence having only 6 pyHmidines upstream from the AG terminal residues, which would account for the Infrequent use of this splicing site. As determined from the 5' and 3' termini of this excised Intron, this minor species should have a length of 521-518 nt, which fits well with the size of 520 nt as determined after debranching (F1g. 3). However, the apparent cleavage 3 nucleotides downstream from the terminal AG of the 3' splicing site, as deduced from the 94 residue sequence, remained unclear. Besides the 91-94 base fragments, we also observed the protection of a set of 194-198 residue bands which was expected since the 520 nt lariat species was contaminated by the 626 nt opened lariat species (Fig. 3) .
Finally, when the 427 residue Fokl-Ball fragment, 3 1 end-labeled at Fokl site, was used to map the 3 1 terminal sequences of the 337 nt lariat and linear species (F1g. 5C, lanes n, o) a set of bands of decreasing Intensity from 118 to 114 residues was observed with both of them. The comparison with the G+A ladder (lane G/A) of the complementary probe resulted 1n the mapping of the major SI cleavage at the alternative 3' splicing site at position 2715. Moreover, 117-114 residue bands of decreasing Intensity were readily detected, similar to the case of the 626 nt Intron species (F1g. 56, lanes h, 1, j). We verified that they were not generated by any Initial heterogeneity of the 3' end-labeled probes, resulting from an Incomplete repair of the termini of the DMA segments. On the other hand, 1t was clear that the 3 1 terminal sequences for the 626 nt and 337 nt Intron 2 (-CTATAG/ and ATCTAG/) and the common 5' terminal sequence (/GTATGA-), when hybridized with their complementary probes, should present similar stabilities and therefore similar SI digestion pattern. Consequently, since only the 3' termini of these RNA species, and not their 5' termini, display some heterogeneity, our finding Is consistent with the Idea that all these molecules were subjected to a moderate 3 1 to 5' exonuclease action 1n the nuclei, leading to the loss of 1 to 4 nucleotides. Subceliular distribution of free Introns.
It was Interesting to know whether Intact Intron forms are predominantly transported towards cytoplasm to be degraded. Hypotonic medium was used to Isolate nuclear and cytoplasmic fractions (17) and poly(A)" nuclear and cytoplasmic RNA were examined by Northern analysis as 1n fig. 2A . When compared to total cellular RNA, we found that the cytoplasmic fraction contained only 1OT and 15-20% of the easily analysable 626 nt lariat and linear Introns, respectively (data unshown). Since a fraction of these species can leak out of the nuclei upon lysis of the cells, our results are not 1n favour of an appreciable accumulation of Intact Introns 1n cytoplasm, as also shown previously for immunoglobuHn Intron (15) . 1n vivo (13, 29) or 1n vitro (6, 7, 31) . We found that the branching sequences of both major Intron 2 species are Identical or very close to the consensus sequence (13) . Therefore, our data, and those of others (13, We show here that the major 2.0 and 2.3 kb raRNA of the E2A unit, whose poly(A) + splicing Intermediates were characterized previously (12),were actually generated by the alternative excision of the 626 and 337 nt Intron 2 segments, respectively. In addition, we detected another scarcer alternative excision which occurs by the use of a 3' splicing site soraewhat divergent from the consensus sequence. The excision of the 520 nt Intron 2 should generate a third mRNA of 2.1 kb which was not previously detected 1n the poly(A) + nuclear RNA (12) . That was not surprising since the 2.1 kb RNA should represent no more than 1-2S of the major 2.0 kb mRNA. The detection of the 520 nt lariat Intron 2 clearly shows that very unfrequent splicing events can occur in vivo, the reasons for this being still unclear. We previously proposed that alternative splicing of Intron 2 may be favoured by the presence of a large Inverted repeated sequence of 106 nt (44), which overlaps the major terminal 3' splicing site, and may mask it in some premRNA molecules (12) .
The consequence could be an Induction of alternative 3' splicing sites.
Actually, Solnick has recently demonstrated that RNA secondary structure can Induce alternative splicing in vivo and 1n vitro (45) .
